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Introduction 67
Influenza is a major contributor of human illness and death worldwide, estimated to cause 6 116 least one tobacco smoker in the household and 29% resided in crowded households (on average, 117 >3 persons per bedroom). Household contacts were rarely vaccinated against influenza (5%) and 118 very few used antibiotics (<1% two weeks prior to enrollment and <1% during follow up) or 119 oseltamivir (6% during follow up). Antibiotic use <2 weeks prior 1 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2) Antibiotic use during follow up 4 (1) 2 (2) 0 (0) 1 (1) 0 (0) 1 (2) Oseltamivir use during follow up 33 (6) 4 (3) 14 (11) 6 (5) 3 (4) 5 (8) Bacterial community types 135 We conducted 16S (V4) rRNA sequencing on a pair of samples from each study 136 participant: 712 samples collected at enrollment and 698 samples collected at the last available 137 home visit. The median time between samples was 9 days (IQR: 9-10 days). After quality filtering, 138 microbiota data was available for 710 samples collected at enrollment and 695 samples collected 139 at the last available home visit.
140
Dirichlet multinomial mixture modeling [26] , an unsupervised clustering method, was used 141 to assign nose/throat samples to 5 bacterial community types (S1 Fig: model Table. 150
The prevalence of community types among household contacts differed significantly by 151 age. Most notably, community type 4 was rare among young children and became more prevalent 152 with age (at enrollment; 0-5 years: 5%, 6-17 year: 12%, adults: 20%; χ2-test, p=0.004) ( Table 1) . 153 We observed similar results after restricting our analysis to household contacts who remained 8 154 influenza negative during follow up (at enrollment; 0-5 years: 7%, 6-17 years: 12%, adults: 21%; 155 χ2 test, p=0.011) (S3 Table) . Young children were primarily colonized by community type 5, 156 which was less common among older age groups (at enrollment 0-5 years: 43%, 6-17 years: 6%, differences were not statistically significant (5.9% vs. 10.2%-16.0%; χ 2 -test, p=0.056) ( Fig 3) .
167
Similar differences were observed after stratifying by age.
168
We used a generalized linear mixed effects model to examine the relationship between 169 community types and influenza susceptibility after adjusting for age, a smoker in the household, 170 household crowding, and clustering by household. A detailed description of the model is available 171 in S1 Appendix. Our decision to account for household clustering was supported by an intra-class 172 correlation of 0.21, which indicates 21% of the total variance was due to clustering by household.
173
We found household contacts with community type 4 had a lower odds of influenza virus infection 174 (odds ratio (OR): 0.26; 95% CI: 0.07, 0.99) (Fig 4) , Further, young children were most likely to 175 acquire influenza virus (OR: 4.66; 95% CI: 1.62, 13.37), followed by older children (OR: 2.91;
176
95% CI: 1.47, 5.80). These results suggest household contacts with community type 4 were less 9 177 likely to be infected with influenza and younger household contacts were at greater risk after 178 adjusting for other known risk factors. 179 We were inadequately powered for influenza type/subtype-specific models; however, no 180 household contacts with community type 4 at enrollment (n=85) were infected with H3N2, the 181 most commonly identified influenza subtype in this population (52% of all secondary cases). This 182 suggests associations between the microbiota and influenza susceptibility may vary by subtype but 183 further work is needed to test this hypothesis.
185
Oligotypes associated with susceptibility to influenza virus infection 186 In addition to analysis at the community type level, taxa-specific analysis was conducted 187 household crowding and no oligotype was associated with exposure to a smoker in the household.
200
All statistically significant associations are listed in S4 Table. 201 202 Community diversity and influenza virus infection 203 We examined whether community diversity was associated with influenza susceptibility.
204
Shannon diversity was significantly different between community type 4 and other community To examine the stability of the respiratory microbiota during influenza virus infection, we 215 characterized changes in the bacterial community structure over a median of 9 days (IQR: 9, 10).
216
We used Markov chain plots to represent short-term changes in the nose/throat microbiota among individuals who transitioned between community types. Community stability was estimated as the 222 proportion of household contacts who showed no change in community type over follow up.
223
Although the prevalence of community types appeared to remain similar between the two 224 sampling points (S3 Table) , we found transitions between community types were common with 225 approximately half of all household contacts (45% among secondary cases, 55% among 226 uninfected) changing to a different community type by the end of follow up (Fig 5 and S2 227 Appendix). Stability ranged from 40-62% for all community types in both secondary cases and 228 uninfected household contacts. Although we were inadequately powered to test for statistical 229 differences in specific type-to-type transitions, the overall contrast between the two groups suggest 230 community dynamics may differ by influenza status and should be explored further.
231
We specifically focused on the stability of community type 4, which was associated with 232 decreased influenza susceptibility. Stability among uninfected household contacts with community 233 type 4 increased with age (0-5 years: 0%, 6-17 years: 40%, adults: 70%; Fisher exact test, p=0.016) 234 ( Fig 5B) . We were inadequately powered for a similar analysis among secondary cases.
235
We used a generalized linear mixed effects model to examine whether community stability 236 was associated with influenza virus infection, after adjusting for community type at enrollment, 237 age, a smoker in the household, household crowding, and clustering by household (S1 Appendix).
238
We did not find an association between community stability and influenza virus infection.
239
However, we found stability was lowest among children 6-17 years old (OR: 1.67; 95% CI: 1.07, 240 2.60) ( Fig 6) . Sensitivity analysis was conducted to investigate potential sources of bias (S3 Appendix).
244
To assess whether sequencing depth could influence our results, we first examined whether 245 sequencing depth differed by community type. We found no meaningful differences in sequencing 246 depth by community type. In addition, we reran our influenza susceptibility model with sequencing 247 depth as an additional predictor. We found only minor differences in model estimates, with a 248 slightly enhanced effect of community type 4 (OR: 0.24; 95% CI: 0.06, 0.94).
249
To assess whether time between samples influenced community stability, we additionally 250 controlled for time between samples in our community stability model. We found only minor 251 differences in model estimates.
252
Lastly, we explored whether a more conservative criterion for community type assignments 253 would influence our results. We reran our influenza susceptibility model after assigning samples 254 with a maximum posterior probability ≤90% as missing. We found minor differences in our results.
255
However, the association with community type 4 was no longer statistically significant 22, 28, 29] . Here, we examine a unique population consisting of both children and adults.
275
We demonstrate age is strongly associated with both the prevalence and stability of nose/throat 276 bacterial communities. Most notably, we found the community type associated with decreased 277 susceptibility to influenza was less prevalent and less stable among young children. If a causal 278 relationship between the microbiome and influenza truly exists, our results would suggest the 279 microbiome may contribute to the increased influenza risk observed among young children [30] . 280 We found the microbiome structure changed frequently among both influenza cases and should explore whether changes in the bacterial community structure are directly due to influenza 290 virus or indirect responses to changes in the virome or mycobiome.
291
A limitation in our study is the use of pooled nose and throat samples. Markov chain analysis 432 We estimated community transition rates over time using methods described previously 
